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Introduction 

Over the last several years, the Waterloo Fast Pyrolysis 
Process (WFPP) has been developed to maximize yields of liquids 
by the rapid thermal decomposition of lignocellulosic biomass. 
The process operates at atmospheric pressure and the reaction is 
carried out in a fluidized bed of sand as a heat transfer medium. 
Optimal conditions for woody biomass are 45O0-55O0C and about 0.5 
seconds gas residence time. The nature of the fluidizing gas has 
little influence on yields. 

Liquid yields from wood at optimal conditions are 70%-80% of 
the dry feed, with the organic liquid yields being 60%-65% of the 
dry wood fed. A description of the process and the yields ob- 
tained with various types of biomass has been published previous- 
ly by the authors (1)(2). Extensive identification and quantifi- 
cation of many of the individual compounds present in these 
pyrolytic oils have also been reported (3)(4)(5). 

Shortly before his death, Shafizadeh suggested (6) that pre- 
treatment of the wood by a mild acid hydrolysis to remove hemi- 
celluloses followed by pyrolysis of the wood would allow a higher 
yield of fermentable sugars to be obtained, because the pentoses 
could be recovered from the acid hydrolysate and added to the 
anhydrosugars customarily formed in wood pytolysis oils. How- 
ever, this argument overlooked the fact that very low yields of 
anhydrosugars are normally obtained from wood except under slow 
heating at low temperatures (and perhaps vacuum) conditions. 
Certainly, yields of anhydrosugars and glucose from the rapid 
pyrolysis of wood in the WFPP are usually less than 5%. However, 
it was decided in this work, for other reasons, to investigate 
the effect on pyrolysis yields, and on the composition of the 
liquid product, of a mild pre-hydrolysis to remove part or most 
of the pentoses while leaving the cellulose content unaffected. 
The results of preliminary work are reported here. 

Experimental 

Samples of a standard poplar wood and of commercial cellu- 
lose products (IEA hybrid poplar, SS-144 chromatographic cellu- 
loses and Avicel pH 102 microcrystalline cellulose) were used as 
test materials. Properties of these feeds are given in Table 1. 

pyrolysis of raw and treated wood or cellulose was carried 
out at standardized conditions for all runs (500"C, 0.46 seconds 
gas residence time, N 2 ,  -590 urn particle size) using the bench 
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s c a l e  f l u i d i z e d  b e d  a p p a r a t u s  w h i c h  h a s  b e e n  d e s c r i b e d  e l s e w h e r e  
( 1 ) .  M e t h o d s  of a n a l y s i s  o f  t a r ,  g a s ,  c h a r  a n d  water y i e l d s  h a s  
a l s o  b e e n  d e s c r i b e d  p r e v i o u s l y  ( 2 ) .  

Wood or c e l l u l o s e  was h y d r o l y z e d  i n  a b a t c h  r eac to r  a t  90°C 
u s i n g  s u l f u r i c  a c i d  c o n c e n t r a t i o n s  o f  1%, 3% a n d  5% w i t h  r e a c t i o n  
times o f  6 o r  1 9  h o u r s  a n d  l i q u i d  to s o l i d  w e i g h t  r a t i o s  of 4 : l  
or 12:l. A summary of r e a c t i o n  c o n d i t i o n s  i s  g i v e n  i n  T a b l e  1. 
H y d r o l y s i s  c o n d i t i o n s  were s e l e c t e d  t o  g i v e  a h i g h  d e g r e e  o f  
c o n v e r s i o n  of t h e  g l u r u r o n o x y l a n ,  w h i c h  i s  t h e  p r i n c i p a l  compo- 
n e n t  uf h a r d w o o d  h e m i c e l l u l o s e ,  t o  x y l o s e ,  w h i l e  l e a v i n g  t h e  
ce l lu lose  u n a f f e c t e d .  A f t e r  t r e a t m e n t ,  t h e  s a m p l e  was f i l t e r e d ,  
w a s h e d  t o  a pH o f  6 . 3  a n d  d r i e d  a t  room t e m p e r a t u r e .  

A n a l y s i s  of a c i d  h y d r o l y s a t e  a n d  o f  t h e  water e x t r a c t  o f  t h e  
p y r o l y s i s  o i l s  was d o n e  b y  HPLC (Aminex  HPX-87H c o l u m n  a t  6 5 " C ,  
e l u e n t  0 . 0 7  N H3P0, , ,  e l u e n t  f l o w  r a t e  0 . 3 2  x 2 . 2 5  m l / m i n ) .  

Resu l t s  

T a b l e  2 s h o w s  t h e  a m o u n t  of x y l a n  r e m o v e d  d u r i n g  t h e  v a r i o u s  
a c i d  t r e a t m e n t s .  The  c a l c u l a t e d  p e r c e n t  r e m o v a l  i s  b a s e d  on  a n  
a s s u m e d  v a l u e  o f  20 .5% b y  w e i g h t  o f  p e n t o s a n s  i n  t h e  IEA p o p l a r  
( 7 ) .  T h e  t o t a l  w e i g h t  l o s s  from t h e  wood e x c e e d e d  t h e  e q u i v a l e n t  
amount o f  x y l o s e  r e c o v e r e d ,  b e c a u s e  o f  t h e  h y d r o l y s i s  of some 
l i g n i n  a n d  some m i n o r  h e m i c e l l u l o s e  c o n s t i t u e n t s .  T h e  r e s u l t s  o f  
T a b l e  2 s u g g e s t  t h a t  a t  e v e n  t h e  m i l d e s t  h y d r o l y s i s  c o n d i t i o n s  
( 1 %  HzSOU a t  9 0 ° C  f o r  19 h o u r s  a t  a 4 : l  l i q u i d  t o  s o l i d  r a t i o )  
most  o f  t h e  r e a d i l y  h y d r o l y z a b l e  x y l a n  h a s  b e e n  c o n v e r t e d  t o  
x y l o s e .  C h a n g i n g  t h e  l i q u i d  t o  s o l i d  r a t i o  a t  c o n s t a n t  a c i d  
s t r e n g t h  h a d  l i t t l e  e f f e c t ,  i n d i c a t i n g  t h e  r e l a t i v e  c o m p l e t e n e s s  
of t h e  i n i t i a l  h y d r o l y s i s  r e a c t i o n s  of h e m i c e l l u l o s e .  Also shown 
i n  T a b l e  2 a re  t h e  b l a n k  run c a r r i e d  o u t  u s i n g  h o t  water o n l y ,  as  
w e l l  as t h e  c o n d i t i o n s  f o r  t h e  a c i d  t r e a t m e n t  o f  t h e  c o m m e r c i a l  
cel luloses  u s e d .  

T h e  r e s u l t s  o f  t h e  p y r o l y s i s  runs f o r  t h e  u n t r e a t e d  a n d  
t r e a t e d  p o p l a r  wood a re  g i v e n  i n  T a b l e  3. T h e  two r u n s  i n  w h i c h  
most o f  t h e  x y l a n  was r e m o v e d  b y  a c i d  h y d r o l y s i s  g a v e  a 78%-80% 
y i e l d  of o r g a n i c  l i q u i d ,  a n d  a g r e a t l y  r e d u c e d  y i e l d  o f  water. 
T h e  c h a r  a n d  g a s  y i e l d s  were a l so  r e d u c e d  t o  a b o u t  o n e  h a l f  t h e  
v a l u e  of t h a t  for t h e  u n t r e a t e d  wood.  T a b l e  4 g i v e s  t h e  a n a l y s e s  
o f  t h e  o r g a n i c  l i q u i d  f r a c t i o n  p r o d u c e d  i n  t h e  p y r o l y s i s  r u n s  
shown i n  T a b l e  3. T h e  most n o t a b l e  f e a t u r e  i s  t h e  s h a r p  i n c r e a s e  
i n  l e v o g l u c o s a n  a n d  i n  t o t a l  s u g a r  c o n t e n t  of t h e  o i l s  f r o m  t h e  
a c i d  h y d r o l y z e d  w o o d ,  w h i l e  a s h a r p l y  r e d u c e d  y i e l d  of h y d r o x y -  
a c e t a l e d h y d e  o c c u r r e d  s i m u l t a n e o u s l y .  A m a r k e d  d e c r e a s e  i n  t h e  
a m o u n t s  of a c i d  p r o d u c e d  from t r e a t e d  wood i s  a l so  a p p a r e n t .  

S i m i l a r  r e s u l t s  are  shown i n  T a b l e  5 f o r  a commercial low 
a s h  c e l l u l o s e  ( S S 1 4 4 )  w h i c h  g a v e  h i g h  y i e l d s  o f  h y d r o x y a c e t a l d e -  
h y d e  f r o m  p y r o l y s i s  a t  5OO0C, a n d  much less l e v o g l u c o s a n .  A f t e r  
a m i l d  h y d r o l y s i s ,  l e v o g l u c o s a n  y i e l d  was s h a r p l y  i n c r e a s e d ,  a n d  
t h a t  of h y d r o x y a c e t a l e d h y d e  d e c r e a s e d .  A l a r g e  i n c r e a s e  i n  
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c e l l o b i o s a n  y i e l d  was a l s o  o b s e r v e d  f o r  b o t h  this c e l l u l o s e  a n d  
f o r  t h e  t r e a t e d  wood.  

R e s u l t s  f o r  t h e  p y r o l y s i s  of u n t r e a t e d  a n d  f o r  n r i d  w a s h e d  
A v i c e l  PH-102 a r e  a l s o  g i v e n  i n  T a b l e  5. A g a i n ,  a l a r g e  i n c r e a s e  
i n  l e v o g l u c o s a n  y i e l d  a n d  a n  a l m o s t  z e r o  y i e l d  of h y d r o x y a c e t a l -  
d e h y a e  r e s u l t  f r o m  a c i d  w a s h i n g .  T h e  y i e l d s  of a c i d s  a n d  o f  
o t h e r  m i n o r  c o n s t i t u e n t s  i s  a l s o  s h a r p l y  d e c r e a s e d  f o r  t h e  n r i d  
w a s h e d  A v i c e l ,  a l t h o u g h  c e l l o b i o s a n  y i e l d  i n c r e a s e s .  

T h e  h y d r o l y s a t e  l i q u o r s  f r o m  wood were a n a l y z e d  f o r  C a ,  M g ,  
Na a n d  K c o n t e n t s ,  w h i c h  were c o m p a r e d  t o  t h o s e  f o u n d  f r o m  a n u l y -  
sis o f  t h e  a s h  f r o m  t h e  u n t r e a t e d  wood. E s s e n t i a l l y  a l l  t h e s e  
c a t i o n s  were r e m o v e d  i n  t h e  a c i d  t r e a t i n g  s t e p .  

D i s c u s s i o n  

T h e  reason f o r  t h e  g r e a t  increase i n  l e v o g l u c o s a n  a n d  t h e  
p a r a l l e l  d e c r e a s e  i n  h y d r o x y a c e t a l d e h y d e  y i e l d  f o l l o w i n g  a c i d  
t r e a t m e n t  i s  n o t  c l e a r  f r o m  t h e s e  r e s u l t s .  I t  is t e m p t i n g  t o  s a y  
t h a t  t h e  c h a n g e  i n  p r o d u c t  d i s t r i b u t i o n  i s  d u e  t o  t h e  r e m o v a l  of  
i n o r g a n i c  c a t ions  d u r i n g  t h e  a c i d  t r e a t i n g  p r o c e s s ,  s i n c e  it is 
known t h a t  t h e s e  c a t i o n s  c a n  c a t a l y z e  t h e  d e c o m p o s i t i o n  o f  c e l l u -  
l o se  a n d  i t s  d e g r a d a t i o n  p r o d u c t s .  H o w e v e r ,  t h e  l o w  a s h  c o n t e n t  
SS144 c e l l u l o s e  a l s o  showed t h i s  r e m a r k a b l e  i n c r e a s e  i n  l e v o g l u -  
cosan y i e l d .  Also a c o m p a r i s o n  o f  r e s u l t s  f o r  t h e  u n t r e a t e d  a n d  
t h e  a c i d  w a s h e d  A v i c e l  PH102 m i c r o c r y s t a l l i n e  c e l l u l o s e  ( a v e r a g e  
a s h  c o n t e n t  4 0  ppm) a l s o  s h o w s  a n  i n c r e a s e  i n  l e v o g l u c o s a n  y i e l d  
f r o m  27 .0%-38.4% o f  t h e  f e e d  when p y r o l y z e d  a t  500°C w h i l e  
h y d r o x y a c e t a l d e h y d e  a n d  c e l l o b i o s a n  d e c r e a s e d  f r o m  8 .6%-0.43% a n d  
10.1%-5.6% r e s p e c t i v e l y .  

W h i l e  t h e r e  i s  l i t t l e  d o u b t  t h a t  t h e  c o n t e n t  o f  i n o r g a n i c  
c a t i o n s  a f f e c t s  t h e  p r o d u c t  d i s t r i b u t i o n ,  it a p p e a r s  t h a t  i t  i s  \ 

n o t  t h e  o n l y  e f f e c t ;  a n d  t h e  m o r p h o l o g y  a n d  d e g r e e  o f  h y d r o g e n  
b o n d i n g  i n  t h e  c e l l u l o s e  m u s t  a l s o  i n f l u e n c e  t h e  c o m p o s i t i o n  of  
t h e  p y r o l y t i c  l i q u i d s .  

A p p a r e n t l y ,  t h e  x y l a n  c o n t e n t  o f  wood i s  a p r i m a r y  s o u r c e  of 
much o f  t h e  g a s  a n d  c h a r  f o r m e d  i n  f a s t  p y r o l y s i s ,  as  w e l l  a s  
b e i n g  a major c o n t r i b u t o r  t o  t h e  a c i d  c o n t e n t  o f  t h e  p y r o l y t i c  
o i l s .  

When t h e  resu l t s  o f  T a b l e s  3 a n d  4 are r e c a l c u l a t e d  o n  t h e  
bas i s  o f  c e l l u l o s e  c o n t e n t ,  t h e n  i t  i s  f o u n d  t h a t  f a s t  p y r o l y s i s  
o f  t h e  a c i d  t r e a t e d  wood c a n  c o n v e r t  75% o f  t h e  c e l l u l o s e  t o  
s u g a r s  - l a r g e l y  a n h y d r o s u g a r s ,  w i t h  15% r e d u c i n g  s u g a r s  a n d  15% 
d i s a c c h a r i d e s .  When t h e  pentose  c o n t e n t  o f  t h e  a c i d  h y d r o l y s a t e  
i s  a d d e d  t o  t h i s ,  a h i g h  c o n v e r s i o n  of t h e  wood t o  suga r s  i s  
o b t a i n e d ,  w i t h  a b o u t  80% o f  t h e  h o l o c e l l u l o s e  c o n t e n t  y i e l d i n g  
s u g a r s  o f  v a r i o u s  k i n d s .  F a s t  p y r o l y s i s  o f  a c i d  t r e a t e d  wood may 
w e l l  b e  a n  economical r o u t e  f o r  t h e  p r o d u c t i o n  of f e r m e n t a b l e  
s u g a r s ,  a s  P r o f e s s o r  S h a f i z a d e h  s u g g e s t e d .  

31 



References 

I1.S. Scott and J 
(1882) 

D.S. Scott, J. P 
I k s .  Devel., 24, 

P i s k o r z ,  Can. .J. Chem. Eng., GO, 666-674, 

skorz and I). Radlein, Ind. Eng. Chem. Proc. 
581-588, (1885) 

J. Piskorz and D.S. Scott, Symp. on Production, Analysis and 
Upgrading of Pyrolysis Oils from Biomass, ACS Meeting, Denver, 
April 5-10, (1987) 

D. Radlein, A. Grinshpun, J. Piskorz and D . S .  Scott, "On the 
Presence of Anhydro-Oligosaccharides in the Sirups from the 
Fast Pyrolysis of Cellulose", J. Anal. Appl. Pyrolysis, 
accepted for publication, October, (1986) 

D. Radlein, J. Piskorz and D . S .  Scott, "Lignin Derived Oils 
from the Fast Pyrolysis of Biomass", J. Anal. Appl. Pyrolysis, 
accepted for publication, July, (1986) 

F. Shafizadeh and T.T. Stevenson, J. Appl. Polymer Sc., 27, 
9577-4585, (1982) 

D.C. Elliott, "Analysis and Upgrading of Biomass Liquefaction 
Products" IEA Co-operative Project, Biomass Liquefaction Test 
Facility, Final Report, Vol. 4, Dec. 1983 (PNWL Battelle) 

32 



lahle 1 

broDerries of feed Materials 

- 

Run No. 

A-1 (Yood) 

A-4 (Yood) 
A-5 (55-144) 
A-6 (Av ice l )  

A-3 (Uood) 

Le1 lulose 

Residue Af ter  
Hydro lys is  

grams' 

106 
101.2 

-150 
-150 
-150 

Poplar Wood 

Source Avicel pH 102 Schlelcher 6 Schuell 
XI44 T L C  Cellulose 

Powder 

noisture. ut% 2.9 4.0 
Ash. 2 mf < 0.01% 0.062 
Elemental Analysis, 2 

C 44.3 44.4 
H 6.16 6.17 
0 49.5 49.4 
N Tr Tr 

Cellulose (Typical) 2 > 99 > 95 
Hemi Cellulose (Typical) 2 -- -- 
Lignin (Typical) % _ _  -- 

1 Acid 
Conc. 

5% 
1% 

None 
5% 
5% 

Time 
hrs . 
6 

19 
5.5 
5.5 
5.5 

Temp 
OC 

90 
90 
90 
90 
90 

Clean Wood Only 
Ontario MNR 

Clone 0-38 

Liquid: Xylose 
Conc. S o l i d  I 

44;; 1 2.51 3.24% 

4: l  Tr 
4: l  T r  
4 : l  I N i l  

4.6 
0.46 

49.45 
6.05 

44.4 
0.07 

42.3 
31.0 
16-22 

Table 2 

I iyirolysis Condit ions fOP Uood and Cel lu lose 

I of Xylan 
Removed 

61% 
51X 
Tr  -_ -- 

I n i t i a l  amount i n  a l l  t e s t s  nas 150 grams 
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?..d mu, qmlhr 3.390 

rrp .C 504 

vaporMs.Time, s 0.46 

P.rt161. SI... D. -1000 

*Oi.tYI., 6 4.6 

c . l l u l o n ,  6 49 .1  

ll=.ld., 6 uod .I 

OrqanU Llquld b6.1 

w s u z  10.8 

chu 11.8 

0. 11.0 

99.8 
- 

29.6 

491 

0.46 

-590 

3.1 

49.1 

61.8 

11.1 

7.7 

10.8 

96.5 
- 

IDI 40  -. 
33.4 

504 

0 .46  

-590 

7 .0  

50.0 

69.8 

7.6 

9.)  

1a.a 

99.) 
- 

16.2 

503 

0.46 

-590 

o m  

63.4 

i8 .a  

5 .0  

6 .0  

1 .7  

97.0 
- 

21.9 

SO1 

0 .45  

-590 

16 .5  

u . 8  

79.6 

0 .9  

6.7 

6.4 

91.6 
- 

PP59 & - I  a-4 A - I  A - 1  - - - - -  

0 .7  

1 . 3  

0.4 

1.11 

1.18 

1 . 4 3  

3.04 

10.03 

3.09 

1.43 

1.05 

1.40 

0.65 

1.16 

16.2 

51.5 

78.3 

9.2 

2.58 3.80 1.19 

3.18 10.08 5.68 

1.0 1.67 1.89 

2.31 4.00 a m  
3.68 4.10 0 . l l  

4 . u  a.08 4.50 

5.11 15.1 ao.41 

~1.61 5.a5 0.17 

1.42 a.54 1.42 

5.20 1.46 0.17 

0.78 0.43 - 
1.20 0.06 0.06 

1.a8 0.41 o m  
1.78 0.71 0.8 - 18.0 19.0 

- 11.4 69.9 

- 91.1 87.8 

18.4 38.1 41.6 
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Run 
Source 

Temp "C 
Y ie lds,  !6 mf of feed 

Organic l i q u i d  
Water 
Char 
Gas 

Hydrocyacetal dehyde 
Levoglucosan 
Cellobiosan 
G1 ucose 
Fructose 
Glyoxal 
Methyl glyoxal 
Formic Acid 
Acetic Acid 
Ethyl  eneglycol 
Formaldehyde 
Acetol 
Anhydrogl ucof uranose 
Oligiosaccharides 

X o f  O i l  Q u a n t i f i e d  

T a b l e  5 

P y r o l y t i c  Products from Cel iu ioses 

55-12 A-5 
C o m r c i  a1 Treated 

SS 144 SS 144 

500 

72.5 
10.8 

5.4 
7.8 

15.3 
7.0 
4 .O 
1.0 
2.0 
3.5 
0.8 
5.5 
4.9 
1.7 
1.2 
2.2 

502 

83.5 
6.1 
1.3 
3.9 
6.2 

3l;e 
11.5 

1.8 
3.0 
5.5 
1.3 
1.9 
0.1 
0.02 
0.94 
0.12 
5.5 
5.3 

89.6 

6 
Avicel 
pH-102 

500 

87.1 
3.1 
2.5 
8.9 
8.6 

26;9 
10.1 

2.1 
4.7 
6.5 
0 -23 
3.8 
1.4 
0.56 
0.72 
0.04 

A-6 
Treated 
Avicel  

503 

86.3 
7 

5.7 
3.3 
0.43 

38.41 
5.6 
2.0 
2.7 
2.1 
0.30 
1.5 
0.03 
0.00 
0.24 
G.02 
7 .O 
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